Mitochondria have been implicated in apoptosis, however, the precise mechanisms whereby mitochondria exert their effect are not clear. To gain further insights, we generated a panel of cells from ML-1a cells that were rendered respiration deficient by ethidium bromide treatment. Two respiration-deficient clones were subsequently reconstituted by fusion with platelets. Respiration-deficient clones were resistant to TNF-induced apoptosis, whereas ML-1a and reconstituted clones were sensitive. In contrast, inhibition of proliferation and induction of differentiation by TNF were still observed in respiration deficient clones, suggesting a selective requirement of respiration in TNF-induced apoptosis. Furthermore the apoptosis machinery is not completely altered in respiration-deficient cells because they underwent apoptosis after staurosporine treatment. Next, we showed that apoptosis induced by TNF and staurosporine were blocked by z-DEVD-CH 2 F, an inhibitor of CPP32-like cysteine protease, suggesting the involvement of CPP32-like protease in both apoptosis signaling pathways. Interestingly, TNF activated CPP32-like protease in the parental and reconstituted clones but not in respiration-deficient clones, and staurosporine in all clones. Thus, the apoptosis signaling block in respiration-deficient clones is located at a step before CPP32-like protease activation, which can be bypassed by staurosporine. 
Introduction
Tumor necrosis factor was first described from the sera of rodents and characterized as a monokine that induces necrosis of certain tumors in vivo (1) . It is cytotoxic toward a wide range of tumor cell lines in vitro, but the exact mechanisms underlying the cytotoxic activity of TNF are not fully understood.
Several signaling mediators including oxygen radicals (2-5), phospholipase A 2 (6) (7) (8) , ceramide (9, 10), and proteases (11) (12) (13) (14) have been demonstrated in TNF-induced cytotoxicity.
Because introduction of proteases such as trypsin, chymotrypsin, and proteinase K into the cells can induce apoptosis (15) , the activation of certain proteases may be a key step in apoptosis induction. Recently, CPP32, a member of ICE family cysteine proteases, has emerged as one of the key proteases in spontaneous (16) , anti-Fas- (17) and staurosporine-mediated apoptosis (18) . Although TNF can activate CPP32-like protease (19) , and overexpression of crm A that inhibit ICE family cysteine protease can inhibit TNF-induced cell death (14) , the involvement of CPP32 in TNF-induced apoptosis has not been formerly demonstrated. FLICE/MACH, another member of the ICE member cysteine proteases, was shown to be recruited to form a complex with Fas and FADD/MORT1 (20, 21). Since overexpression of the dominant negative FLICE/MACH inhibited Fas-mediated and TNF-mediated apoptosis (21), the activation of FLICE/MACH may be another key step for Fas-and TNF-induced apoptosis. Although several mediators mentioned above are involved in TNFinduced cytotoxicity, the precise activation mechanisms, their ordering in cell death pathway, and their interdependence are incompletely understood.
Mitochondria have been implicated in TNF-induced cell death. After TNF treatment, mitochondria swell (2) and mitochondrial respiration chains (MRC) 1 are damaged (3, 4) in the early phase of cell death. Because mitochondria are the source of ATP, damage to mitochondria will ultimately decrease cellular ATP levels leading to cell death. In addition to the passive cytotoxic effect of decreasing ATP level, additional mechanisms may be directly involved in TNF-induced cytotoxicity. Since mitochondria are a main source of reactive oxygen species (ROS), which has been implicated in both apoptosis and necrosis (22) , mitochondria-derived ROS may provide a link between mitochondria and cell death. This hypothesis is also supported by the observation that manganese superoxide dismutase, which inactivates mitochondrial O 2 Ϫ that has leaked from the electron transport chain, abrogates TNF-mediated apoptosis (23) . Furthermore, TNF-induced ROS production in the mitochondria (24, 25) and damage to the MRC by ROS induced by TNF (4) have also been reported. Another possible mechanism by which mitochondria could play a direct role in cell death includes the release of Ca 2 ϩ (26). In addition, Zamzami et al. (27) reported that mitochondrial permeability transition is a critical step of the apoptotic cascade. Furthermore, overexpression of Bcl-2 abrogated TNF-induced apoptosis and increased mitochondrial membrane potential, suggesting that mitochondria play a critical role in apoptosis (28) . Recently Liu et al. (29) shows that cytochrome c release from mitochondria is a key step in staurosporine-mediated apopto-sis, suggesting that damage to mitochondria can induce apoptosis. Because most of the studies of TNF-induced cytotoxicity cited above were performed in L929 cells, where TNF induces necrosis (30, 31) , the role of mitochondria in TNF-induced apoptosis remains unclear.
To investigate the requirement of mitochondrial function in TNF-induced apoptosis signaling, we generated a panel of respiration-deficient clones and their reconstituted cybrids. We show that mitochondrial respiratory activity is highly correlated with the ability of TNF to induce apoptosis. In addition, we showed that functional mitochondria is necessary for TNF-, but not staurosporine-induced activation of CPP32. Our study thus placed mitochondria in a step before the activation of a CPP32-like protease in TNF-induced apoptosis signaling.
Methods
Materials. RPMI-1640 medium, gentamicin, and FCS were obtained from GIBCO (Grand Island, NY), phenylmethanesulfonyl fluoride, leupeptin, aprotinin, pepstatin, staurosporine, okadaic acid, glycerol, dithiothreitol, EGTA, EDTA, uridine, glucose, pyruvate, polyethylene glycol 2000, Triton X-100, dimethyl sulfoxide, phorbol myristic acetate, nitroblue tetrazolium, digitonin, ADP, succinate, sucrose, Hepes, and H-7 were obtained from Sigma Chemical Co. (St. Louis, MO). z-DEVD CH 2 F and acetyl-Asp-Glu-Val-Asp-aminomethylcoumarin were from Calbiochem Corp. (La Jolla, CA). Bacteria-derived recombinant human TNF, purified to homogeneity with a specific activity of 5 ϫ 10 7 U/mg, was kindly provided by Genentech Inc., South San Francisco, CA.
Cell lines. Myelogenous leukemia ML-1a cells were obtained from Dr. Ken Takeda (Showa University, Tokyo, Japan). All cell lines except clones 2, 5, 11, 19, and 20 were grown in RPMI-1640 medium supplemented with 10% FCS and gentamicin (50 g/ml) (essential medium). Clones 2, 5, 11, 19, and 20 were grown in RPMI-1640 medium with 10% FCS and gentamicin (50 g/ml) supplemented with 4.5 mg/ml glucose, 50 g/ml uridine, and 100 g/ml pyruvate (enriched medium). The cells were seeded at a density of 1 ϫ 10 5 cells/ml in T-25 flasks (Falcon 3013; Becton Dickinson Labware, Lincoln Park, NJ) containing 10 ml of medium and grown at 37 Њ C in an atmosphere of 95% air and 5% CO 2 . Cell cultures were split every 3-5 d.
Establishment of respiration-deficient and free cells. ML-1a cells were incubated in enriched medium in the presence of 200 ng/ml ethidium bromide for 8 wk to select respiration-deficient cells. Subcloning was done by limiting dilution. Five clones, clones 2, 5, 11, 19, and 20, grew well in enriched medium but did not survive in essential medium. Respiration-deficient cells have been reported to become pyrimidine auxotrophs, suggesting that respiration is defective in these clones (32).
Fusion of clone 19 and clone 20 with platelets. Fusion of platelets with respiration-deficient and free cells was performed by a slightly modified variation of the method of Chomyn et al. (33) . Briefly, heparinized whole blood was centrifuged for 15 min at 150 g at 4 Њ C, and platelet-rich plasma recovered. Phosphate-buffered saline was added, and the mixture centrifuged for 15 min at 150 g at 4 Њ C. The platelet fraction, no other cell type but platelets, was obtained and centrifuged for 30 min at 2,000 g at 4 Њ C. The pellet was then suspended in phosphate-buffered saline. 1 ϫ 10 7 platelets and 2 ϫ 10 5 clone 19 or clone 20 cells were mixed in PBS and centrifuged at 160 g for 10 min. The supernatant was aspirated, and a polyethylene glycol solution (45% of polyethylene glycol 2000 in Hanks balanced solution) was added. After a 1-min incubation at 37 Њ C, 9 ml of RPMI-1640 medium was added slowly. The cells were then centrifuged for 5 min at 150 g , suspended in 2 ml enriched medium, and incubated for 2 d. The cells were centrifuged for 5 min at 150 g , suspended in RPMI-1640 medium with dialyzed FCS. Here, only cybrid cells could grow. 2 wk later subcloning was performed by limiting dilution.
DNA fragmentation assay. DNA fragmentation was assayed by the modified method as described elsewhere (34) . In brief, ML-1a cells were prelabeled with [ 4 cells/well, total volume 200 l) with or without the test samples; 1 g/ml of cycloheximide was added to increase the sensitivity to TNF (35) but not to other apoptosis-inducing reagents. After incubation for 90 min or the indicated time, they were lysed by the addition of 50 l of detergent buffer (10 mM Tris-HCl pH 8.0 containing 5 mM EDTA and 2.5% Triton X-100) and incubated an additional 15 min at 4 Њ C. High-speed centrifugation was performed in an Eppendorf microcentrifuge at 12,000 g for 1 min. The radioactivity in the supernatant represents DNA release into cells due to DNA fragmentation. For the total count, the cells were lysed by the addition of 20 l of 20% sodium dodecyl sulfate. The percent DNA release was calculated as follows:
All results were determined in triplicate and expressed as mean Ϯ standard error.
Proliferation assay. Proliferation activity was estimated by All results were determined in triplicate and expressed as mean Ϯ standard error.
Differentiation assay. Differentiation-inducing activity was assayed colorimetrically by the modified method of Baechner and Nathan (36) . In brief, 4 ϫ 10 4 cells were plated in 96-well plates in the presence of test samples at a final volume of 200 l and incubated for 3 d. Then 20 l of PBS containing 1.1 mg/ml of nitroblue tetrazolium and 1.1 M phorbol myristic acetate was added, and the solution was incubated another 2 h. The reaction was then terminated by adding 50 l 2 N HCl and cooling on ice for 30 min. The medium was discarded, the formazan deposits were dissolved by adding 0.1 ml dimethyl sulfoxide, and the dissolved formazan was measured at 590 nm by a spectrophotometer. The results were calculated and expressed as absorbance at 590/10 6 cells. All results were determined in triplicate and expressed as mean Ϯ standard error.
Respiration measurement. Oxygen consumption was measured with a Clark oxygen electrode (5300; Yellow Spring Instrument Co., Yellow Spring, OH) as described (37) . First, 0.6 ml of cells (4 ϫ 10 7 cells/ml) suspended in respiration medium (0.25 M sucrose, 20 mM Hepes, pH 7.2, 2 mM KH 2 PO 4 and 1 mM EGTA) was injected into the respiration chamber (37 Њ C) and permeabilized with 0.025% digitonin. 1 mM ADP and succinate were then added to give a final concentration of 5 mM to initiate State 3 respiration. Oxygen consumption was calculated as the rate of change in the O 2 concentration after the addition of a substrate, assuming an initial O 2 concentration of 217 M.
Assay for CPP32 protease. CPP32 protease activity was measured with a modified methods by Enari et al. (38) . In brief, after cells (1 ϫ 10 6 ) were incubated with test samples, cytosolic extracts were prepared by repeated freezing and thawing in 300 l extraction buffer (12.5 mM Tris, pH 7.0, 1 mM DTT, 0.125 mM EDTA, 5% Glycerol, 1 mM PMSF, 1 g/ml leupeptin, 1 g/ml pepstatin, and 1 g/ml aprotinin). Cell lysate was diluted with the buffer (50 mM Tris, pH 7.0, 1 mM DTT, 0.5 mM EDTA, 20% Glycerol) and incubated at 37 Њ C in Percent DNA fragmentation ϭ.
(cpm in test sample supernatant total cpm)
the presence of 20 M acetyl-Asp-Glu-Val-Asp-aminomethylcoumarin, CPP32 substrate. Fluorescent aminomethylcoumarin product formation was measured at excitation 360 nM, emission 460 nM using Fluoroscan II (Labsystems, Helsinki, Finland).
Results
Depletion of the mitochondrial respiration chain abrogated TNF-induced apoptosis. Subclones of human myelogenous leukemia ML-1a cells that were deficient in functional MRC were isolated as described previously, (32) by selecting in enriched medium in the presence of 0.2 g/ml of ethidium bromide for 8 wk. Ethidium bromide at this concentration inhibits mitochondrial DNA synthesis but not host DNA synthesis, reduces mitochondrial DNA derived mitochondrial protein, and thus reduces mitochondrial respiratory functions. Several clones were isolated from ethidium bromide-resistant cells by limiting dilution. Five clones, clones 2, 5, 11, 19, and 20, grew well in enriched medium but could not survive in essential medium. They required a source of exogenous pyrimidine, presumably because of the absence of a functional MRC (32). To examine electron transfer in the state 3 respiration in these cells, succinate was used as a substrate to measure the electron flow through complex II-complex III-complex IV (Fig. 1) . Oxygen consumption was not detectable in clone 19 and was significantly reduced in clones 2, 5, 11, and 20 (5% of parental cell) ( Table I) .
The effect of TNF on the induction of apoptosis in ML-1a and clones 2, 5, 11, 19, and 20 was investigated next. As shown in Table I , most of the ML-1a cells underwent apoptosis within 90 min. In contrast, we could detect only a slight induction of apoptosis by TNF in clones 2, 5, 11, and 20 and no significant induction in clone 19 (Table I and Fig. 2 A ) . Furthermore, we could not observe any apoptosis in clone 19 even after 8 h of TNF treatment (data not shown). Since specific binding of TNF to these clones was similar to that of ML-1a cells (data not shown), downregulation of TNF receptor was not the cause of the inhibition.
We have shown previously that TNF can also induce differentiation and inhibit proliferation in ML-1a cells (39) . Interestingly, in clone 19 and 20, TNF exhibited differentiation-inducing activity (Fig. 2 B ) and growth inhibitory activity (Fig. 2 C ) even though it had no or very low apoptosis-inducing activity (Fig. 2 A ) . These results indicate that TNF-induced apoptosis signaling was specifically blocked in these cells, presumably due to the absence of a functional MRC. Furthermore, it suggests that normal mitochondrial function is not required for TNF-induced differentiation and inhibition of proliferation.
To examine whether the ethidium bromide treatment solely affected mitochondrial function, mitochondria were reintroduced into clones 19 and 20. The cybrids were tested for recovery of apoptotic response. Clones 19 and 20 were fused with platelets derived from a healthy donor and incubated in essential medium for 3 wk. In essential medium, only reconstituted cybrid cells could grow, but not clones 19 and 20, nor platelets. Subclones were isolated by limiting dilution. All the cybrid clones tested have recovered mitochondrial respiration and TNF-induced apoptosis (Table I) . Thus, intact mitochondrial respiratory function is essential for TNF-induced apoptosis.
Involvement of mitochondria in serum depletion-and antiFas-induced apoptosis, but not staurosporine, H-7-, and okadaic acid-induced apoptosis.
Next, we examined whether mitochondrial respiration was required for apoptosis induced by other reagents. First, the effect of anti-Fas antibody was examined. Anti-Fas antibody induced apoptosis in parental ML-1a cells, but not in clone 19 cells; however, the apoptotic response reappeared in the cybrid clones (Fig. 3 A ) . Serum starvation for 48 h also induced apoptosis in ML-1a cells (Fig. 3 B ) , but not in clone 19 cells; again, the apoptotic response reappeared Oxygen consumption of each clone was detected in the presence of succinate as substrate as described in Methods. DNA fragmentation was detected after 90-min incubation of each clone in the presence of 1 g/ ml of cycloheximide with or without 1 nM TNF as described in Methods. All results of DNA fragmentation were determined in triplicate and expressed as meanϮstandard error.
in the cybrid clones. In contrast, staurosporine, a protein kinase C (PKC) inhibitor, induced apoptosis even in respiration deficient clone 19 (Fig. 4 A) . H-7, another PKC inhibitor, and okadaic acid, a protein phosphatase inhibitor, also induce apoptosis in ML-1a cells and in clone 19 (Fig. 4, B and C) . These results indicate that mitochondrial respiration is needed for the induction of apoptosis by anti-Fas and serum depletion but not by staurosporine, H-7, or okadaic acid.
Involvement of mitochondria in CPP32-like protease activation by TNF but not by staurosporine.
CPP32 is now considered as one of the key mediators in apoptosis. However, their role in TNF-induced apoptosis is not completely clear. First, we tested whether CPP32-like protease is involved in TNFand staurosporine-induced apoptosis. Z-DEVD-CH 2 F, an irreversible inhibitor of CPP32, inhibited TNF-and staurosporineinduced apoptosis in ML-1a (Fig. 5, A and B, respectively) and staurosporine-induced apoptosis in clone 19 (Fig. 5 C) , indicating that CPP32-like protease activation is involved in both apoptosis. We then tested the effect of TNF and staurosporine on the activation of CPP32-like protease by fluorogeneic assay in ML-1a cells, in respiration deficient clone 19, and in reconstituted clones. As shown in Table II , TNF-induced activation of CPP32-like protease was observed in ML-1a, not in clone 19, but reappeared in reconstituted clones. Staurosporine increased CPP32-like protease activity up to twelve times in ML1a, 10 times in clone 19, and ‫ف‬ 10 times in reconstituted clones. These results indicate that mitochondrial respiratory function is necessary for CPP32-like protease activation in TNF-but not in staurosporine-induced apoptosis.
Discussion
In this report, we investigated the role of mitochondrial respiration in apoptosis signaling. To study the direct involvement of mitochondria in TNF-induced apoptosis, we obtained five clones that had deficiencies in mitochondrial respiration by treating the cells with ethidium bromide, and several reconstituted clones derived from respiration-deficient cells fused with platelets. We did not observe any evidence of TNF-induced apoptosis in the respiration-free clone 19. However, there was a slight but significant TNF-induced apoptosis in the other four clones, in which low oxygen consumption could be detected. were incubated with indicated amount of z-DEVD-CH 2 F in the absence or presence of 1 nM TNF and 1 g/ml cycloheximide for 90 min (A) or 2 g/ml staurosporine for 6 h (B and C) and tested for DNA fragmentation as described in Methods.
Although the treatment with ethidium bromide at low concentration is known to inhibit mitochondrial DNA synthesis and decrease intact mitochondrial DNA (40), the precise molecular defect(s) in our respiration deficient cells are not known. Nevertheless it is clear that mitochondria DNA-derived proteins in MRC are affected to various degree in different clones. Clone 19 appears to be most affected. Thus profound depletion of mitochondrial respiration might be required to abrogate respiration and TNF-induced apoptotic response. Since reintroduction of mitochondria to clones 19 and 20 restored oxygen consumption and the apoptotic response, we concluded that mitochondrial respiration is critically involved in TNF-induced apoptosis.
TNF can induce necrosis (30, 31) in L929, a mouse fibroblast cell line widely used as a target for TNF analysis. In this system, the role of ROS from mitochondria in cell death has been reported (2-5). Contradictory results have been reported on the role of mitochondria in TNF-induced necrosis in L929 cells by using cells that had deficiencies in mitochondria (5, 41) . One group showed that a decrease in mitochondrial function resulted in a decrease in TNF-induced cytotoxicity. Another group showed that treatment of cells with chloramphenicol can induce cells to have a 50-80% deficiency in mitochondrial DNA-encoded respiratory enzyme, but complete sensitivity to TNF-induced cytotoxicity. There were major differences between their experimental conditions that may explain their discrepant results. The former used established clones after ethidium bromide and chloramphenicol treatment and the latter used cells treated with chloramphenicol for 3 wk. Cells obtained by the former group might have had less mitochondrial respiration than those used by the latter group. The remaining mitochondrial function per cell may be very critical. If the number of functional mitochondria decreases, electron transport per mitochondria might increase to compensate for the decrease in ATP, and the generation of ROS, which is one of the possible mediators in apoptosis and necrosis (22) , per mitochondria might increase. Therefore, the number of active mitochondria per cell might be important in TNF-induced necrosis.
Jacobson et al. have reported that simian virus 40 T-antigen transformed human fibroblast cell ( 0 cells) with deficiencies in mitochondria underwent apoptosis after serum (42) and oxygen deprivation (43) . Their 0 cells behave like clone 20, which is deficient, but not completely free of oxygen consumption. Clone 20 still can undergo TNF-induced apoptosis in a slower kinetics (Table I) , and apoptosis by serum deprivation (data not shown). On the other hand, clone 19 shows no detectable oxygen consumption and does not undergo apoptosis by serum starvation. The best explanation for these differences hinges on the difference in baseline oxygen consumption in the 0 cells, clone 20, and clone 19. 0 cell and clone 20 consumes 0.1 and 0.021 fM O 2 per cell per min respectively whereas clone 19 consumes Ͻ 0.007 fM O 2 per cell per min (Ͻ 7% of rho cell levels). Thus, there may be a critical threshold below which apoptosis induction will be severely affected.
Besides apoptosis, TNF induces differentiation and inhibits proliferation in ML-1a cells (39) . Present results indicate an involvement of mitochondrial function in TNF-induced apoptosis, but not in TNF-induced differentiation or inhibition of proliferation. These observations are consistent with our previous observation that TPCK, a specific inhibitor of chymotrypsintype protease, blocked TNF-induced apoptosis, but not differentiation nor growth inhibition (44) .
In the present study, we showed that the mitochondrial respiration is necessary for the induction of apoptosis by physiological stimulants such as TNF, anti-Fas, and serum starvation, but not by non-physiological stimulants such as staurosporine, H-7, and okadaic acid. These results suggest that nonphysiological stimulant might bypass the requirement of mitochondrial respiration to induce apoptosis. The dose response of H-7 and okadaic acid used to induce apoptosis in ML-1a and in respiration-deficient clone is similar. However, we observed inhibitory action in clone 19 by staurosporine in higher concentration. Thus additional inhibitory mechanisms might be induced by staurosporine in respiration deficient clones. Further analysis will be needed to identify the difference in apoptotic signaling of staurosporine versus H-7 and okadaic acid.
CPP32, a cysteine protease, has been shown to play a critical role in Fas-mediated (17), spontaneous (16) , and staurosporine-mediated (18) apoptosis. In this report, we showed that a CPP32-like protease is also involved in TNF-induced apoptosis by the use of CPP32 inhibitor. We showed TNFinduced CPP32-like protease activation by fluorogeneic assay, and we could also detect the activation of CPP32 itself by Western blotting (data not shown). However, we do not know whether the induction of apoptosis is due to CPP32 itself or CPP32-like protease with similar substrate specificity. The report by Chinnaiyan et al. (45) supports the idea that CPP32-like but not CPP32 itself might also be involved in apoptosis. Most importantly, TNF could not activate CPP32-like protease in respiration deficient clones. Thus, mitochondrial function is required at a step before CPP32-like protease activation in TNFinduced apoptosis signaling.
The mechanism whereby functional mitochondria affect the activation of CPP32-like protease is not clear at this point. Several investigators have shown that apoptosis-inducing molecules such as cytochrome c are released from mitochondria after apoptosis induction (29, 46) . It has also been shown that the release of these molecules from mitochondria is the key event for CPP32-like protease activation. We have reported that TNF-induced necrosis and the damage to the mitochondria in L.P3 cells, a clone of L929, was mediated through the generation of ROS from MRC (4). We have also detected TNF-induced ROS generation from MRC in ML-1a cells but 1 ϫ 10 6 cells were treated with 1 g/ml cycloheximide and 1 nM TNF (TNF) or 5 g/ml of staurosporine for 90 min or 6 h, respectively, at 37ЊC. CPP-32-like protease activity in each clone was assayed as described in Methods. not in respiration deficient clones (data not shown). Thus, generation of ROS from functional MRC might cause mitochondrial damage to release apoptosis-inducing molecules leading to CPP32 activation. It is also possible that ROS may directly affect an upstream protease to activate CPP32-like protease. An alternative hypothesis in which ROS is minimally involved might also be envisioned. One possibility is that mitochondrial activity may directly or indirectly regulate gene expression leading to a change in the relative expression of pro-life vs prodeath proteins. Another possibility is that mitochondria might regulate cellular metabolism that is essential in TNF-induced apoptosis. In this hypothesis, loss of functional mitochondria might change the cytosolic milieu which are necessary for TNF-induced apoptosis.
The reason why protein kinase and phosphatase inhibitors can bypass the mitochondrial respiration requirement is not clear. Staurosporine may directly or indirectly damage mitochondria to release apoptosis-inducing factors. Alternatively, staurosporine may directly activate a cytosolic factor which is required for the activation of the protease cascade. Experiments are now underway to elucidate the precise mechanisms that link mitochondrial function to CPP32-like protease activation.
